Because vanadium (V) is easily reduced to a cationic form within plant cells, data from resin-extraction of soil were analysed for evidence 5 of interactions between V and the resin-extractable concentrations of magnesium (Mg) and calcium (Ca) on soybean seed yield. Three varieties, 9091, 9061 and 704, were grown over a 3-year period in a corn± soybean±wheat rotation. Surface soil samples (0±15 cm) were extracted with ion-exchange resins, extracts were analysed by inductively coupled plasma methods (ICP) 6 , and the results were regressed against seed yield using SAS PROC PROC STEPWISE STEPWISE analysis using forward selection, backward elimination and maximum R 2 routines. The seed yield of each variety showed a correlation with a unique set of resin-extractable concentrations of V, phosphorus (P), Mg and Ca, and the V:(V + P), Mg:(Mg + Ca), Mg:(Mg + 1000 V) and Ca:(Ca + 1000 V) ratios. Variety 9091 was most sensitive to the Mg:(Mg + Ca) ratio. Variety 9061 was most sensitive to extractable V and to the V:(V + P) ratio. Variety 704 was sensitive to extractable P, V and Ca and the Mg:(Mg + 1000 V) ratio. For variety 9091, Mg fertilization (not currently practised) may be an economical practice, whereas P fertilization of 704 may not be economical 7
Introduction
Earlier we noted the eect of the resin-extractable ratios of V:(V + P) in soil on soybean seed yield and the interaction with variety (Olness et al. 2000) . Unlike phosphorus (P), vanadium (V) is rather easily reduced and, as a consequence, it is converted to the cationic vanadyl form (+4 valence) within the cell (Liochev and Fridovich 1987, Ding et al. 1994) .
As a divalent cation, we might expect interactions within the plant cell between VO 2+ and Ca 2+ , Mg 2+ and other cations. Both Ca 2+ and Mg 2+ are required in rather large amounts by plants for optimal seed yield. Magnesium (Mg), in particular, plays important roles in ATP formation, chlorophyll formation, protein synthesis, cellular pH control, and enzyme activation (see citations in Marschner 1986 8 ). Vanadium is a potent enzyme inhibitor and has been used to characterize enzymes catalysing phosphate transfer, in which Mg 2+ plays a major role. While large amounts of calcium (Ca) are contained in the middle lamella of the cell wall, where it performs a structural function, it is also important in membrane stability, root extension and enzymatic regulation.
With a hydrated ionic radius of 0.428 nm, Mg 2+ is similar to Ca 2+ (0.412 nm) in physical dimensions. Does the ratio of these elements in soil have measurable eects on soybean seed yield and do the relative concentrations of Mg 2+ , Ca 2+ and V aect seed yield? To address these questions, we reviewed the data obtained in an earlier study.
Methods and Materials
The ®eld site consisted of 3.24 ha measuring 108 m by 300 m on the Barnes±Aasted Association's Swan Lake Research Farm located 24 km NNE of Morris, MN, USA. Soil taxonomic units were delineated by a detailed soil survey conducted by the local NRCS Soil Survey (see Olness et al. 2000) . Soils at the site were Barnes loam (®ne-loamy, mixed Udic Haploboroll), Buse loam (®ne-loamy, mixed, Udorthentic Haploboroll), Hamerly clay loam (®ne-loamy, frigid, Aeric Calciaquoll) and Parnell clay loam (®ne, montmorillonitic, frigid typic Argiaquoll). Less than 0.1 % of the area was Svea sandy loam (®ne-loamy, mixed, Pachic Udic Haploboroll; USDA 1972) and these plots were omitted from the study.
The site was divided into three equal portions and planted to soybean, maize and wheat, and crops were rotated annually. Each crop area was further subdivided into 360 plots measuring 3 m by 10 m and planted to soybean or maize in 1995 and soybean, wheat and maize in rotation in 1996 and 1997. Soybean varieties are designated 704, 9091 and 9061. Each plot consisted of four rows of soybean planted at a rate of 65 seeds m ±2 at 0.75-m row spacing. Each variety was planted continuously (that is, without subplot borders) over the 300-m length of the ®eld. Soybean seed yields were taken from the central 8 m of the two central rows of each plot with a plot combine and samples were withdrawn for further characterization.
Soil samples were taken from alternate plots by compositing ®ve core samples (0±60 cm) taken from the centre two rows. The core samples were segmented into 15-cm increments. The soils were dried at about 60°C and ground for chemical analyses. Extractions were conducted using extractors described by Olness et al. (1989 9 ) and the procedure described by Olness and Rinke (1994) , with the exception that the extracting solution contained 20 % (v/v) methanol to inhibit microbial activity. In 1995, extractions were carried out over a 5-day period with a brief manual shaking twice daily. The procedure was changed to include slow continuous shaking in 1996 (rapid mechanical shaking is avoided to preclude abrasion of the membrane). After elution, extracts were submitted to the Analytical Research Laboratory of the University of Minnesota, St. Paul for ICP-AES (inductively coupled plasma ± atomic emission spectroscopy) 10 analysis. Statistical characteristics of the data set are given in Table 1 .
Because numbers of plots within a soil mapping unit varied and the soil characteristics are changing continuously, SAS PROC PROC STEPWISE STEPWISE with the forward selection, backward elimination and maximum R 2 options was used to analyse yield and soil chemical data (Ray 1982) . Yields from a few plots were noticeably aected by excess water, which reduced plant population densities; therefore, seed yields from plots with <2000 kg ha ±1 were also excluded. This decision removed about 5±8 yield values (<2.5 %) each year from the data set; all came from Hamerly clay loam and Parnell clay loam mapping units.
Results and Discussion
A preliminary examination of the data might suggest that climate had an in¯uence on seed yield (Table 2 ). Seed yields in 1996 tended to be slightly lower than those in 1995 or 1997. However, no variety was dominant every year, and this suggests more subtle factors were aecting 11 plant response. For example, in 1995 variety 9091 clearly produced greater yields than variety 9061, but in 1997 variety 9061 clearly produced greater yields than 9091. Note that statistical analyses are only for plots from which soil samples were extracted with resins and not all plots as reported in Olness et al. (2000) . A review of the P and V data from 1997 (not published) showed yields were consistent with our earlier report (Olness et al. 2000) .
Variety 9061
Our initial results showed that variety 9061 is sensitive to the V:(V + P) ratio (Olness et al. 1 Seed yields within a column followed by the same Roman letter were not measurably dierent (P < 0.05). Seed yields within a row followed by the same Greek letter were not measurably dierent (P < 0.05). 48 Olness et al.
2000)
, and all regression techniques identify this as an important factor (of the eight) in determination of yield (Table 3 ). It appears that V may have a negative eect on seed yield that is independent of P. The V:(V + P) ratio eect is expected if both V and P are being transported across the plasma lemma by the same suite of proteins. The V:(V + P) ratio remained a strong factor in two of the three analyses. This ratio eect is consistent with Bowman's (1983) observation of competitive transport across the plasma lemma of these two elements by a set of proteins. Both forward selection and maximum R 2 techniques indicated a negative eect on seed yield of the concentration of resin-extractable Mg. This is mildly surprising because VO 2+ within the plant cell is a candidate for interference with the functions of Mg, and a positive relationship was expected. However, the north-western Cornbelt region is relatively rich in both Ca and Mg and the eect may be a response to, or indication of, the fact that 9061 is nearing its environmental limit (soil and rainfall) with respect to soluble salts.
The remaining variables either contributed little to explaining the variance in seed yield or were important in only one of the techniques. While an interaction of Ca and/or Mg with V might reasonably be anticipated, no evidence was found. Vanadium is poorly translocated within many plants and the eects could easily be con®ned to the roots.
The intercept is a relative measure of the sitespeci®c yield potential, and for 9061, the values averaged about 3.0 megagrams ha ±1 with a standard deviation of about 0.22 megagrams ha ±1 . Of the factors identi®ed in this analysis, most had a negative coecient; so the intercept appeared to be a near-maximal yield potential. The correlation coecient of about 0.304 showed that most of the variability in seed yield was due to other factors, and certainly temperature and water rank highly among them.
Variety 704
Variety 704 (excluded from our earlier report because it had been grown for only 1 year) appeared to be the most nutritionally sensitive variety of the three. Variety 704 showed a distinct increase in seed yield as resin-extractable P increased, but the eect was small and overwhelmed by the loss of yield potential from the V:(V + P) ratio eect (data not shown). In its sensitivity to V, 704 resembled variety 9061 (Table 3 ). This 3 ns non-signi®cant; that is, the statistical technique omits these variables within a variety and considers them non-signi®cant factors in explaining the variance in seed yield.
sensitivity to P suggests that 704 was less ecient in P acquisition than the other two varieties. Unfortunately, the coecient of P, while highly signi®-cant, was rather small and P management on this site may provide only modest improvements in yields, with the possible exception of banded applications of fertilizer P. Certainly, conventional soil testing would not suggest a strong response to added P (Olness et al. 2000) . Unlike 9061, 704 showed virtually no sensitivity to either Mg or the Mg:(Mg + Ca) ratio. Its rather pronounced sensitivity to a Mg:(Mg + 1000 V) ratio eect suggests an interference with a function(s) of Mg within the plant. The fact that the V component of this ratio is multiplied by a factor of 1000 hints at the extreme sensitivity of the plant and the Mg function(s) to the presence of V.
This variety had the largest average intercept yield potential, 3.73 0.07 megagrams ha ±1 . But, with the exception of P, most of the factors had negative coecients so the intercept values appeared to be a near-maximal yield potential. This variety seems well suited to P-rich but V-poor environments. The multiple correlation coecient was about 0.487; so, more of the variance in yield was explained by these factors and their complex interactions for 704 than for the other varieties.
Variety 9091
The main sensitivity of variety 9091 was to the resin-extractable Mg:(Mg + Ca) ratio ( Fig. 1 and Table 3 ). The seed yield ranged from about 2.9 to 3.6 megagrams ha ±1 as the Mg:(Mg + Ca) ratio changed from 0.16 to 0.62; this is about a 24 % change in yield. The importance of the Mg:(Mg + Ca) ratio was so great that Mg may be an economical fertilizer, even though these soils are relatively rich in Mg (unpublished greenhouse studies support this speculation). Like 9061, the yields of variety 9091 showed a modest and negative sensitivity to resin-extractable Mg. Thus, 9091 may also be nearing the limit of its ability to tolerate soluble salts in this environment. This variety would seem well suited to an environment relatively rich in available Mg.
Unlike the other varieties, 9091 showed little sensitivity to V or P. This lack of sensitivity to V demonstrates that breeding can produce varieties suited to a speci®c environment. The intercept or site-speci®c yield potential of this variety was the smallest of the three studied at 2.44 0.23 megagrams ha ±1 . Unlike varieties 704 and 9061, the Mg:(Mg + Ca) ratio had a large positive eect on the yield of variety 9091, so much so that seed yields of variety 9091 were competitive with the other varieties. The R 2 values, about 0.215, showed that these resin-extractable components were satisfying a small but very important portion of the variance in seed yields and that most of this variance was due to the Mg:(Mg + Ca) ratio.
Speculation on sensitivities of varieties
Analyses of the data show that each variety is uniquely sensitive to a dierent set of nutrient supplies in the same environment. We have no ready explanation for the varied sensitivities of these soybean varieties to dierent resin-extractable chemistries. Each variety produces rather well in this region. We can, however, speculate that much of the dierence may be explained by the suite of transport proteins within the plasmalemma and interactions with mycorrhizal fungi and other rhizosphere organisms. For example, the sensitivity of 9061 to the V:(V + P) ratio could arise from an inability of the transport proteins within the cell membrane to distinguish between V and P. In such a case, transport of V would come at a cost of P transport in addition to any internal interactions with other ions and the well-known inhibition of ATPases (Cantley et al. 1977 12 ). Root growth for all three varieties seems enhanced by Mg in growth chamber experiments (data not shown). The near-exclusive sensitivity of 9091 to the Mg:(Mg + Ca) ratio may be due to an inability to discriminate between the two elements or may re¯ect the needs of its symbiont. Mycorrizal fungi may need greater relative concentrations of Mg, because the absence of vascular tissues should reduce the relative need for Ca in the fungi. Adverse eects of resin-extractable concentrations of Ca on internal enzymes within the plant seem poorly supported in variety 9091; the coecient of Ca was either non-signi®cant or positive and small. Plant colonization by mycorrhizal fungi seems linked to P starvation-induced physiology changes in some plants (McArthur and Knowles 1992) . The interaction between V and P (Olness et al. 2000) then should lead to greater mycorrhizal colonizations when the V:(V + P) ratio is relatively large. The mitigating Mg:(Mg + Ca) eect on both plants and fungi would permit plants to survive in soil environments with seemingly toxic levels of V.
Each regression technique provided a slightly dierent array of signi®cant factors. While the relative signi®cance of the factors varied between techniques, the indicated coecients for each factor showed rather small variances. The most important factors were consistently identi®ed by all regressing techniques. The regressions, alone, do not prove a relationship. However, the results are reasonably consistent with the literature and they provide an estimate of their importance.
The apparent climatic eect on seed yield is actually well explained by the changing chemical character of the soil in the three subdivisions of the ®eld. Many of the changes in soil chemical nature were very subtle, but when they are considered it becomes clear that modest dierences in climate between years (data not presented) had little eect on seed yield.
Conclusion
Varieties of soybean are uniquely sensitive to resin-extractable concentrations of nutrients from soil. Evaluation of yield and resin-extractable chemistry data can identify potentially pro®table management programmes that maximize economical returns for each variety. The process of evaluation of the soil by variety interactions provides a basis for selection of the genotype and fertility management programme best suited to a particular soil. Resin-extraction of soils provides a suite of elements, and their relative concentrations can serve as a guide to plant selection for a speci®c environment. Developing plants suited to a soil may be much more economical than modifying soil to obtain optimal seed, forage, or ®bre yield. 
